We discuss the electronic properties of a one-dimensional tight-binding model for binary alloys with correlated disorder. The correlation inhibits the bonds between atoms of one of the atomic species, leading to what is called repulsive binary alloys. As it is well known, the transmission probability of repulsive binary alloys shows resonances due to the delocalization of states in this peculiar disordered one-dimensional system. We show that this delocalization can be related to the memory of the band structures of different ordered chains, since short segments of these ordered chains constitute the repulsive binary alloy. This memory effect is revealed in the localization length as a function of energy. The same argument is used to show that competing correlations in the same linear chain destroy delocalization, as can be inferred from the properties of binary alloys with no correlations at all. We also show that, complementary to delocalized bands, smooth transmission gaps should also exist at specific energy ranges only for correlated disorder cases. ͓S0163-1829͑96͒10133-8͔
I. INTRODUCTION
Disordered one-dimensional ͑1D͒ systems, exhibiting nontrivial extended states, have been investigated theoretically in the past few years. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] It has been shown that the existence of extended states is a consequence of introducing short-range correlations on the disorder. The correlations considered are constraints to the site neighborhood in binary alloys. These results opened an interesting scenario, since the framework introduced by the Anderson model 12 has been widened. The usefulness in this new scenario lies in the new possibilities of understanding some transport properties in polymers, 4, [13] [14] [15] as well as the general interest in having a one-dimensional model which intrinsically exhibits mobility edges. It should also be mentioned that linear chains with correlated disorder are strongly related to some quasiperiodic and aperiodic systems that show similar delocalization effects. [16] [17] [18] [19] A prototype example of the situation where delocalization of states in 1D disordered chains occurs is the so-called binary repulsive alloy. The repulsive binary alloy model has been suggested by Dunlap, Wu, and Phillips 2 and has been used to analyze transport mechanisms in polyanilines. 15 Considering a binary random alloy, the bond between one of the atomic species is inhibited, thus introducing the abovementioned short-range order. In other words, in a chain of A and B sites, only A-A and A-B nearest-neighbor bonds are allowed. The introduction of this short-range order leads to delocalization of states in the disordered chain, provided that the hopping between A and B sites is different from the hopping between A sites. Hence, the B sites, viewed as impurities in a host A-site chain, must have an internal structure in order to show resonances in the transmission probabilities. Having in mind a tight-binding framework, this internal structure for the repulsive binary alloy implies introducing off-diagonal disorder. Other variations for disorder correlations have been discussed in the literature. The first, and most discussed, is the random dimer model, where the internal structure of the impurities is provided by the fact that the impurities now are dimers of B atoms. In this case the hopping between different site species can be taken to be the same, suppressing the off-diagonal disorder and delocalization still may occur. In the present work we analyze the electronic structure of finite chains of repulsive binary alloys which are naturally described by a tight-binding model, considering one s-like orbital per atomic site. Our aim is to relate the delocalization mechanism with the memory of the electronic band structure of ordered binary alloys that persist in the disordered counterparts, disregarding the presence of correlation or not.
II. MODEL
The tools we use in our work are the calculation of transmission probabilities and localization lengths, as well as probability densities along the chains. We begin by ''characterizing'' finite disordered linear chains connected to ordered semi-infinite contact chains. This is the usual configuration ͑finite segments connected to ordered contacts͒ to obtain information about the electronic structure via the transmission probability of the finite chain segment considered. The method to calculate the transmission probability of this system, starting from a tight-binding Hamiltonian
is described elsewhere. 15 The atomic site energies used throughout this work are ⑀ A ϭ0.3 eV ͑host chain͒ and ⑀ B ϭϪ0.3 eV. The bonding between A-like and B-like sites is represented by the hopping parameter V AB ϭ0.3 eV. For the hopping between A-like sites V AA ϭ0.8 eV is taken. For chains without bond constraints ͑uncorrelated disorder͒, the allowed hopping between B-like sites is taken as V BB ϭ0.5 eV. These parameters are taken from a previous work, 15 where a specific situation re-lated to a polymer class was analyzed. It should be stressed that the conclusions reached in the present work do not depend qualitatively on parameters choice. These parameters are described in Fig. 1 , where a is the lattice parameter of the chain. For all the results shown here, the contact chains are chosen to be constituted by A-like sites. Changing the contact chains does not modify appreciably the results shown below, provided that the single electronic band of the contact chains are wide enough to include the energy range of interest.
Once the tight-binding parameters are defined, the chains will be further characterized by the degree of disorder ͑or-dered and with uncorrelated or correlated disorder͒ and the probability P B of a B-like site to be the next one in the particular chain configuration. Disorder is introduced in a straightforward way by considering many different chains, where the A-and B-like sites are randomly assigned, according to the constraints on concentration and bonding mentioned above. An average over many chains is undertaken in order to minimize spurious features that could arise due to a particular configuration of a finite chain. Each chain configuration is started by an A-like site. The next site will have probability P B to be a B-like site. If this site is assigned to be a B site, the next is necessarily an A-like one, if the correlation is considered. The following site will have again the probability P B that it is a B-like site, and so on. For the results shown in this paper, the number of chains taken for the averaging procedure was 250. The wave function is easily calculated within the same algorithm for each chain configuration. Averaging procedures are also undertaken for the probability density along the chains.
The relation between the probability P B and the actual concentration N B of B atoms in the chain deserves further comment. For chains with uncorrelated disorder, P B equals N B on average, but when the correlation is taken into account, these quantities are different. The upper limit of P B ϭ1, including the correlation, restores an ordered binary chain with N B ϭN A ϭ0.5, considering the way our chains are generated. For P B Ӷ1, we recover the limit P B ϭN B . For intermediate values of the probability, the actual concentration of B atoms in the chains is always less than the given value of P B , when the correlation is taken into account. In what follows we will be comparing results for systems with correlated and uncorrelated disorder with similar concentrations N B .
In Fig. 1 some situations that will be analyzed below are illustrated. Figure 1͑a͒ shows an ordered P B ϭ1.0 chain connected to C-like contact chains, while in Fig. 1͑b͒ one has an example of a N B Ϸ0.5 with correlated disorder case. Figure  1͑c͒ shows the single B-like impurity limit in an infinite A-like chain. An important quantity to characterize the delocalization is the localization length, obtained from the transmission probability:
where L is the length of the chain and T(E) is the transmission probability. We will consider a particular state delocalized whenever (E)уL.
III. RESULTS AND DISCUSSION

A. Transmission probabilities and localization length
Initially we consider the ordered binary alloy limit with N B ϭ0.5, i.e., P B ϭ1.0. Figure 2͑a͒ shows the transmission probability for such ordered chains, 80 atomic sites long. This straightforward limit is compared to the transmission probabilities of disordered chains with the same length and comparable B-like atom concentrations. In Fig. 2͑b͒ we have the correlated disordered case for P B ϭ0.9 ͑N B Ϸ0.45͒. The corresponding uncorrelated disorder case, Fig. 2͑c͒ is generated considering P B ϭ0.5, in order to have comparable concentrations N B in both disordered cases. In the correlated disorder case a band of delocalized states can be observed for the energy range where the transmission probability curve is smooth, reaching the maximum value of T(E)Ϸ1 for EϷ Ϫ0.39 eV. We also clearly see that the second transmission band is suppressed, although still well defined. This memory effect of the ordered chain is almost entirely washed out when no correlation in the disorder is included, for comparable B atom concentration, Fig. 2͑c͒ .
Lowering the concentration of B atoms in the chain, we observe that the position in energy of the delocalized transmission band, for chains with correlated disorder, is independent of the concentration, Figs. 3͑a͒ and 3͑c͒ for P B ϭ0.5 and P B ϭ0.2, respectively. This is strong evidence for the introduction of short-range order as the delocalization mechanism. On the other hand, lowering the concentration of B-like sites makes the transmission properties of chains with uncorrelated disorder, more and more alike their counterparts with correlated disorder, as can be seen comparing Figs. 3͑a͒ and 3͑c͒ with Figs. 3͑b͒ and 3͑d͒, respectively. This behavior is expected, since lowering P B reduces the probability of B-B bonds in the uncorrelated case. At extremely low concentrations one reaches the limits of a single B atom in the A host chain, for both, correlated and uncorrelated disorder cases. Nevertheless, it is worth mentioning that delocalization of states occurs in finite chains even with uncorrelated disorder for relatively high values for P B , as can be seen in Fig. 3͑d͒ .
We consider 80 site long chains as a typical length for the remotely related polymer chains treated in a previous work. Nevertheless, we checked longer chains, up to 720 sites, obtaining always the same qualitative results. Therefore we attained shorter systems for the sake of reducing computing costs.
A further characterization of the electronic states of the system illustrated in Figs. 2 and 3 is given by the localization lengths as a function of energy for the corresponding transmission probabilities, Fig. 4 . It is seen that the smooth part of the transmission probability corresponds to localization lengths longer than the chain considered ͑80 atomic sites͒. A second strong feature in the localization length as a function of energy appears in the energy range of the second band of the ordered binary chain. The dashed curve shows the localization length as a function of energy for the case where the constraint on bonding is removed, i.e., B-B bonds are allowed ͑uncorrelated disorder͒.
The electronic structure memory of the ordered binary chain with P B ϭ1.0 is clearly enhanced with the introduction of correlation. On the other hand, diminishing the concentration P B makes the localization lengths for the uncorrelated disorder case to approach the correlated disorder case with corresponding B-atom concentration, as expected.
New features of the electronic structure of these chains are revealed in the localization length as a function of energy, namely the variety of satellite lower peaks either to the left and right of the main structures related to the ordered P B ϭ1.0 case. These peaks appear always at the same energies, irrespective of the correlation imposed on the disorder and on the concentration of B-like sites in the chains. Although some of these features are indeed resolved in the transmission probability, most of them are hidden by the background noise even after averaging over a great number of chain configurations. It can be shown by inspection that each of these low peaks in the localization lengths are associated to bands of ordered chains with different concentrations ͑configurations͒ of B-like sites, having in mind the restriction on B-B bonds in the ordered configurations considered.
One expects that a disordered binary chain, repulsive or not, is constituted by different chain segments, each of them emulating locally different ordered binary chains. Nevertheless, a clear evidence of these local structures in such disordered chains is difficult to be directly obtained in simulations of electronic properties as it is in the present work. Indeed, these results may give an interesting interpretation to the origin of the delocalization of states in these systems.
It has been demonstrated by Dunlap, Wu, and Phillips for the random dimer model 2 and for the repulsive binary alloy, 19 and by other groups for different correlated disorder cases, 10 that ultimately the delocalization may be explained by the transmission resonances of the most simple segment unit present in each of the disordered chains considered. As we mentioned above, a single impurity with no internal structure in a one-dimensional problem shows no resonance in the transmission probability. Introducing an internal structure to the impurity, by means of different models mentioned here, parameter-dependent transmission resonances should appear. If one guarantees that the chain is composed only by a collection of these impurities, the chain as a whole shows a resonance at the same energy. This should be ensured by the appropriate correlation on the disorder.
An analytical expression for the transmission probability through a single B-like impurity in a A-like host chain, Fig.  1͑c͒ can be straightforwardly obtained:
where
and
Ϫ1. ͑6͒
It can be seen that a resonance in the transmission, i.e., Tϭ1, can be achieved only if FϽ1. In other words, a transmission resonance exists only at energies in the range of the transmission bands of an ordered binary alloy with N B ϭ0.5. Depending on the hopping parameter, V AA , for the host chain, the resonance peak occurs in the energy range of the lower or of the upper band. On the other hand, for a certain range of values of V AA , a condition for resonance is never reached and the transmission probability is strongly suppressed.
B. Energy spectra and probability densities
This rigorous proof for delocalization based on the resonance condition for a single impurity still raises the question of why only this condition survives in a system with such a rich electronic spectrum. In other words, the single impurity results imply a strong suppression of the overlap of transmission bands of the various different segments that constitute the total chain. Indeed, ordered chains with different concentrations of B-like sites show completely different transmission bands from each other. We also have seen that signatures of chain segments with different local configurations of B sites are present in the localization length for all binary chains considered.
Some light can be shed on this question by mapping the energy spectra of different infinite ordered repulsive binary chains as a function of the concentration of B atoms in the unit cell considered. In Fig. 5 we show such a mapping, using unit cells up to 40 atoms. One should bear in mind that for a given concentration of B atoms, one can have many different unit cells leading to different energy spectra. The important point is that for all the spectra shown in Fig. 5 , only for a small energy range indicated by the horizontal line there are allowed states for all ordered chains considered. We verified that this condition holds for all possible configurations of large unit cells having the only constraint of B site concentration and no B-B bonds. This numerical result is an alternative view to the problem and is linked to some analytical results obtained by Chen and Xiong. 6 Our approach here is also related to the continuous random dimer model discussed by Sanchez et al. 10 It should be mentioned that our approach can be related to the analysis of the spectra of sequences of quasiperiodic linear chains. Actually, the repulsive binary alloy can be viewed as a particular example of a Fibonacci chain. 19 We mentioned earlier that the weak satellite singularities in the localization length can be related to the electronic structure of different chain segments. The main evidence is that these singularities are reproducible in different disordered chains as can be seen in Fig. 4, where N B is varied for disordered chains with a fixed length ͑80 sites͒. Here we indicate only some of these singularities A, B, and C for sake of clearness. These weak singularities are also reproducible when the length of the chain is varied for a given N B concentration ͑not shown here͒. By comparing Figs. 4 and 5 we see that these singularities occur at energies where a relatively large number of spectra, but not all, show allowed states. That is the case, of the weak singularities indicated by A in Fig. 4 , for instance, corresponding to the dotted line in Fig. 5 . Some of these singularities, clearly identified in the localization length are also seen in the transmission probabilities, like the transmission band indicated by A in Fig. 3 corresponding to the dotted line in Fig. 5 and the singularity also indicated by A in Fig. 4 . This transmission band is however very low and shows internal fluctuations that are not reproducible.
The results for the transmission probability of binary chains with uncorrelated disorder indicate that these overlap of allowed states for all different ordered chains containing also n-mers of B atoms with n 1, cannot be fulfilled. Indeed, results, not shown here, reveal that chains where the individual atomic sites are substituted by A-A and B-B units ͑dimers͒ or A-A-A and B-B-B units ͑trimers͒ show, respectively, two and three delocalized bands in the transmission probability. On the other hand, there is no overlap between these transmission bands with many of the spectra in Fig. 5 . This situation is only a particular case for a random n-mer model. Nevertheless, this fact is sufficient to verify that delocalization is not ensured for chains with two or more correlation laws for the impurity sites, even when delocalization is observed separately, like the binary repulsive alloy and the random dimer or trimer model. The result that chains with two correlation laws for the disorder have not guaranteed delocalization can be actually inferred from the properties of a finite chain with uncorrelated disorder, where n-mers may be present.
Complementary to the delocalization is the definition of completely smooth transmission gaps for energies where allowed states of the various segments of the chain does not exist at all. The widest total gap is around the dashed line in Fig. 5 , as can be clearly seen also in the transmission probabilities in Figs. 2 and 3 .
Looking at the transmission probabilities in Figs. 2 and 3 , the noisy parts of the curves are in the most frequent energy ranges where allowed states exist only for at least one of the chain segments. Having in mind the transmission resonance picture, i.e., the buildup of probability density in the system due to the resonances, 21 one expects three different behaviors for the probability density along the chain as a function of energy. First, a random probability buildup, constant on average, along the entire chain for the delocalized states. This buildup being more intense on the impurity sites. Second, an overall exponential decay of the probability density along the chain is expected for localized states at energies where the transmission probability shows a noisy character. Superimposed to this exponential decay, signatures of probability density buildup at certain chain segments could be present. Finally, a well-defined exponential decay of the probability density is expected only for energies in the smooth gap region.
Probability densities along the chain, corresponding to a single-chain configuration of the case shown in Fig. 3͑a͒ , are shown in Fig. 6 . ͑a͒ is for EϭϪ0.398 eV ͑near transmission resonance͒, ͑b͒ for Eϭ0.0 eV ͑localized state͒, and ͑c͒ Eϭ0.19 eV ͑inside the smooth gap͒. These results support the behavior expected.
IV. CONCLUSIONS
In the present work we analyze the electronic properties of linear chains within a specific case of correlated disorder, the so-called repulsive binary alloy. Our main results make it possible to associate the delocalization of such disordered chains with the electronic spectra of a certain class of ordered infinite chains with the same constrains in the atomic sites neighborhood, namely the not allowance of B-B bonds. These ordered chains are emulated by the different chains segment that constitute the actual disordered chain. Our results indicate that all spectra for this class of ordered chains present allowed states for a narrow energy range, that coincides with the resonance of a single B impurity embedded in a A-like host chain. That the repulsive binary alloy is indeed FIG. 6 . Probability densities along the atomic sites of a chain corresponding to the case shown in Fig. 3͑a͒ , for three different energies: ͑a͒ EϭϪ0.398 eV, ͑b͒ Eϭ0.0 eV and, ͑c͒ Eϭ0.19 eV. made of finite segments of different ordered chains, showing the same kind of correlation for the site neighborhood, is indicated by the weak singularities in the localization lengths. If the correlation in the disorder is relaxed no delocalized band is present for the disordered chain. According to results, not shown here, chains formed by n-mer units of B atoms or A atoms present similar singularities in the localization length. These features can also be associated to the respective energy bands of a class of ordered chains. This situation indicates that this ''memory'' of ordered bands is a typical feature of a more general class of one-dimensional binary alloys. However, numerical evidence for chosen parameters suggest the conclusion that there is no energy range for which delocalized states exist if more than one kind of bond constraint is considered simultaneously.
An important complementary information, not accessible from the single impurity analysis 2, 10 is the existence of energy ranges where all ordered chains ͑of the same class considered͒ show gaps in the respective energy spectra. This feature leads to absolutely smooth gaps in the transmission probability and exponentially decaying probability densities along all the finite disordered chain. This situation resembles the existence of antilocalized states as described by Heinrichs.
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The delocalization of the repulsive binary linear chains is characterized by resonances in the transmission probabilities and by the smoothness of the transmission probability around the resonance energy. We verified that this criteria is corroborated by the definition of localization length 20 used, as well as by the extension of the probability densities along the chains. It should be highlighted that we carried out our analysis for relatively short chains for computational reasons, without lost of generality in the conclusions, as far as could be checked. Qualitatively our results support the analysis based on single impurity properties, as well as the one based on the electronic spectra of an ensemble of specific ordered infinite chain. It should be noticed, however, that for the parameters chosen, the transmission resonance shows a maximum of transmission probability of the order of, but lower than one, TϷ0.9. We verified that smooth resonances associated to delocalized probability densities persists for longer chains, up to 720 atomic sites, without lowering of the transmission resonance maximum. However, the width of the delocalized transmission band reduces with the increase of the length of the chains. In the limit of infinite length, our results suggest that there will be one extended state, in concordance with the results obtained by Flores 1 and Wu and Phillips. 19 On the other hand, the height of the satellite peaks in the Fig. 4 is constant with the increase of the length of the chain, and they do not scale with the sample size. The position of the resonance depends strongly on the hopping parameters characterizing the chain. 22 Although the possibility of delocalization in one-dimensional disordered systems has been raised 15 years ago, 23 we should conclude that the signature of these delocalization effects in specific disordered linear models continues to be an involved and subtle question, deserving further work.
